All forest fi re events generate some quantity of charcoal, which may persist in soils for hundreds to thousands of years. However, few studies have eff ectively evaluated the potential for charcoal to infl uence specifi c microbial communities or processes. To our knowledge, no studies have specifi cally addressed the eff ect of charcoal on ammonia-oxidizing bacteria (AOB) in forest soils. Controlled experiments have shown that charcoal amendment of fi re-excluded temperate and boreal coniferous forest soil increases net nitrifi cation, suggesting that charcoal plays a major role in maintaining nitrifi cation for extended periods postfi re. In this study, we examined the infl uence of fi re history on gross nitrifi cation, nitrifi cation potential, and the nature and abundance of AOB. Soil cores were collected from sites in the Selway-Bitterroot wilderness area in northern Idaho that had been exposed twice (in 1910, 1934) or three times (1910, 1934, and 1992) in the last 94 yr, allowing us to contrast soils recently exposed to fi re to those that experienced no recent fi re (control). Charcoal content was determined in the O horizon by hand-separation and in the mineral soil by a chemical digestion procedure. Gross and net nitrifi cation, and potential rates of nitrifi cation were measured in mineral soil. Analysis of the AOB community was conducted using primer sets specifi c for the ammonia mono-oxygenase gene (amoA) or the 16S rRNA gene of AOB. Denaturing gradient gel electrophoresis was used to analyze the AOB community structure, while AOB abundance was determined by quantitative polymerase chain reaction. Recent (12-yr-old) wildfi re resulted in greater charcoal contents and nitrifi cation rates compared with sites without fi re for 75 yr, and the more recent fi re appeared to have directly infl uenced AOB abundance and community structure. We predicted and observed greater abundance of AOB in soils recently exposed to fi re compared with control soils. Interestingly, sequence data revealed that Clusters 3 and 4, and not Cluster 2, of genus Nitrosospira dominated these forest soils, with a shift toward Cluster 3 in recently burned sites.
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Wildfi re and Charcoal Enhance Nitrifi cation and Ammonium-Oxidizing Bacterial Abundance in Dry Montane Forest Soils P. N. Ball,* M. D. MacKenzie, T. H. DeLuca, and W. E. Holben The University of Montana T he relationship between microbial community structure and nitrifi cation in fi re-maintained forest ecosystems remains to be completely resolved. Often, microbial processes such as nitrifi cation in forest soils are studied by examination of process rates and do not consider the microbial abundance and community composition of particular guilds responsible for the process. More recently, studies have attempted to examine both the community composition and abundance of ammonia-oxidizing bacteria (AOB) in conifer-dominated forest ecosystems of the western United States (Mintie et al., 2003; Jordan et al., 2005; Yeager et al., 2005) . Th is group of microorganisms, along with the nitrite-oxidizing bacteria, is responsible for nitrifi cation (the oxidation of NH 3 to NO 3 − ), a process of unique importance in the global nitrogen (N) cycle.
Very few studies have addressed the impact of fi re on forest soil microbiota, particularly with regard to AOB community composition and abundance (Yeager et al., 2005) . As a consequence, there is but a limited understanding of the role that fi re plays in forest N cycling (Neary et al., 1999) and very little information exists on how charcoal, deposited during and subsequent to fi re events, may aff ect forest productivity and forest soil biotic processes. Previous research has suggested that charcoal has the potential to enhance site productivity and soil nutrient availability, particularly in forest soil systems (Pietikainen et al., 2000; Wardle et al., 1998; Zackrisson et al., 1996) . Indeed, prior work by our group indicates that charcoal has the potential to enhance nitrifi cation in dry montane forest soils without signifi cantly altering bulk soil pH. In soils, rates of nitrifi cation may vary with soil type (Troelstra et al., 1990 ) and the physicochemical nature of soils (Ste-Marie and Paré, 1999; Yuan et al., 2005) .
In coniferous forests of the western United States, N is often limited (DeLuca and Zouhar, 2000; Mandzak and Moore, 1994) and there is limited net N mineralization and nitrifi cation as a result of rapid immobilization rates (Stark and Hart, 1997) or potentially due to terpene inhibition of ammonia mono-oxygenase (Uusitalo et al., 2008; White, 1994) . Increased nitrifi cation in forest ecosystems may be of particular importance in early succession, when newly establishing plants have small roots and are not yet mycorrhizal, thus requiring a soluble, highly diff usible form of inorganic N to satisfy plant N demand (see Jones et al., 2002) . In late succession, when plant roots and mycorrhizal symbionts are well established, N preference shifts to NH 4 + and amino acids (Kronzucker et al., 1997; Persson et al., 2003) . Th erefore, a thorough understanding of the connection between AOB community composition and abundance may be of particular importance in fi re-maintained forests of the Inland Northwestern United States.
Nitrogen mineralization has been found to increase immediately after fi re in some forest ecosystems (Choromanska and DeLuca, 2001; DeLuca and Zouhar, 2000; DeLuca et al., 2002; Smithwick et al., 2005 ), but we believe that charcoal deposited during fi re may maintain elevated inorganic N concentrations for many years in ponderosa pine (Pinus ponderosa C. Lawson) forests of the Inland Northwest . Furthermore, our previous work suggests that both NO 3 − concentration and potential nitrifi cation decrease with the exclusion of fi re from these ecosystems (MacKenzie et al., 2004) .
Charcoal amendment of soils from these fi re-suppressed ecosystems was found to increase both net nitrifi cation and gross nitrifi cation . Increased gross nitrifi cation in the presence of charcoal suggests that charcoal enhances the absolute rate of nitrifi cation rather than simply decreasing immobilization rates. Th ese data provide evidence that charcoal may directly augment N transformations, in particular nitrifi cation by AOB. It is currently hypothesized that charcoal infl uences microbially mediated ammonia oxidation by altering the chemical environment in soil microhabitats, for example by absorbing potential allelochemical inhibitors of microbial metabolic pathways, such as monoterpenes, tannins, and various polyphenolic compounds (White, 1991; , or possibly by altering local microsite pH due to the high alkalinity of charcoal (De Boer and Kowalchuk, 2001) . showed that forest soil amended with fi eld-collected charcoal did not alter bulk soil pH but significantly increased nitrifi cation, lending support to the idea that charcoal may be absorbing organic compounds that have negative eff ects on nitrifi cation. Th e latter assumption is substantiated by previous observations which indicate that Nitrosospira strains isolated from acid soils are unable to oxidize NH 4 + when added to inorganic liquid culture medium if the pH is <5.5 (for review, see De Boer and ). In addition, ammonia mono-oxygenase, the key fi rst enzyme in the nitrifi cation pathway, uses NH 3 as a substrate rather than NH 4 + , and the existence of NH 3 in soils is pH dependent, with available NH 3 decreasing dramatically with decreasing pH (Suzuki et al., 1974) . As a consequence, it has been suggested that autotrophic nitrifi cation may occur in acidic soils only if there are near-neutral pH microsites available (for review see De Boer and . Ammonia-oxidizing bacteria communities may respond to the availability of such microsites by displaying a shift in community composition, function and activity, abundance, or possibly a combination of these parameters. Each of these may be a response to the ability of charcoal to enhance nitrifi cation in forest soils and so requires process rate analysis, community composition analysis, and specifi c taxon quantifi cation.
Traditionally, the biology of N cycling microorganisms has been studied using pure cultures and typically limited to Nitrosomonas europaea due to diffi culties associated with culturing many other AOB species in laboratories. However, many soil processes, such as those involved in various N transformations, may be controlled by a diverse group of microorganisms in situ. Herein a community-level approach using DNA-based techniques was undertaken for the analysis of fi re eff ect on nitrifi cation because focus on an individual species would be inadequate for understanding soil N cycling processes.
Th e purpose of the work reported herein was to evaluate how recent fi re history and the presence of charcoal in forest soils infl uence the microbial community responsible for nitrification in coniferous forests of the Inland Northwestern United States. Specifi cally, we examined gross nitrifi cation, charcoal content, AOB abundance, and community composition in three distinct soil layers: Oi and Oe, Oa, and upper portion of the A horizon that were collected from sites that had experienced a recent fi re (1992) or no fi re since 1935 (control). If charcoal was aff ecting nitrifi cation as theorized, we expected to see greater abundance of AOB in the recently burned site compared with the fi re-excluded site. Further, AOB and total microbial community composition may be altered by fi re processes and charcoal deposition and thus unique from each other in the recent-fi re and fi re-excluded soils.
Materials and Methods

Site Description and Sampling Location
In this study, we examined soil cores collected from unmanaged forest stands within the Selway-Bitterroot Wilderness Area in northern Idaho. Samples were collected from three replicate locations that had been fi re maintained (exposed to wildfi res in 1910, 1934, and 1992) and from three replicate locations that had the same fi re history through 1934 (burned in 1910 and 1934 ), but were not exposed to the most recent fi re in 1992 (no fi re control). Th e site used in the current study was part of a larger project examining the eff ect of fi re and fi re exclusion on the ecophysiology and soil processes of ponderosa pine-Douglas-fi r [Pseudotsuga menziesii (Mirb.) Franco] ecosystems in the Inland Pacifi c Northwest . Additional details on these sites can be found elsewhere (Keeling et al., 2006) . Th e control locations represent natural fi re exclusion of one fi re interval, while the three burn locations represent the historic fi re return interval of between 10 and 50 yr (Arno et al., 1995 (Arno et al., , 1997 . Th e soils at these locations are shallow, skeletal soils (Dystrocryepts) with a southeast aspect, an elevation of ~823 m (2700 ft), and moderately steep slopes (33°). Forest fl oor and mineral soil samples were collected volumetrically from four points at each replicated location to present results on a content basis. Sampling points were located at each end of two 20-m-long perpendicular transects, which together defi ned the plot of each replicated location.
Charcoal Analysis
Forest fl oor samples were collected using a cylinder (15-cm diam. by 15-cm height) and measuring the depth of material removed to determine bulk density. Forest fl oor charcoal content was determined by sieving the organic material to diff erent size fractions (from 5 mm down to 0.1 mm), and ocular estimation via microscopy (Zackrisson et al., 1996) . Mineral soil samples were collected with a bulk density core and hammer (5 cm by 5 cm). Mineral soil charcoal content was determined by a wet digestion method (Kurth et al., 2006) . Briefl y, 1 g of oven-dried soil was digested in 20 mL of 30% (v/v) H 2 O 2 and 10 mL of 1 M HNO 3 at 80°C for 24 h. Carbon remaining after digestion was measured by dry combustion on a Fissions Analyzer (EA 1100, Milan, Italy) and represents the charred fraction of organic matter.
Gross Nitrifi cation by
15
N Pool Dilution
We used the isotope pool dilution technique (Hart et al., 1994) to estimate gross and net nitrifi cation rates. Briefl y, two perforated polyvinyl chloride corers (5 cm by 13 cm) were inserted into the mineral soil at two sampling points per plot; thus, four cores were taken from each of the three replicated locations for a total of 12 samples from each fi re-history stand. Th e cores were then treated with 0.8 mg K 15 NO 3 and one was immediately extracted for a time-zero (T 0 ) measurement, while the other was incubated in situ for 24 h (T 24 ). At T 0 and T 24 , ~25 g of soil was extracted with 2 M KCl and the rest of the soil was saved to determine soil moisture content via drying at 65°C. An aliquot (5 mL) of the extract was analyzed for total 14 
NO 3
− and 15 NO 3 − concentration on a segmented fl ow Auto Analyzer 3 (Bran and Luebbe, Chicago, IL), which used the cadmium reduction method for NO 3 − (Keeney, 1982) . Another 25-mL aliquot was analyzed for 14 NO 3 − and 15 NO 3 − separately using an isotope ratio mass spectrometry (Europa Integra Sercon Ltd., Cheshire, UK) following isolation of the NO 3 − isotopes on acid-treated fi lter paper disks. Gross nitrification was then calculated using the assumptions of Kirkham and Bartholomew as described elsewhere (Hart et al., 1994) .
Potential Rate of Nitrifi cation
Th e aerated nitrifi er slurry assay (Hart et al., 1994) was used to examine the maximum potential rate of nitrifi cation (V n ) of mineral soil samples from the same sampling points as above. Moist soil samples (15 g oven-dry equivalent) were placed into 250-mL Erlenmeyer fl asks, and then suspended in 100 mL of buff ered solution containing 1.5 mM NH 4 + and 1.0 mM PO 4 −3 (pH 7.2). Th e suspensions were placed on an orbital shaker at low setting (∼50 rpm) at room temperature and incubated for 24 h. Subsamples of 10 mL were removed from the slurries using a wide-bore pipette after 1, 2, 23, and 24 h, vacuumfi ltered (0.45-μM pore size) into 50-mL centrifuge tubes, and the fi ltrates frozen at −20°C until analyzed for NO 3 − . Th e concentration of NO 3 − -N was determined on a segmented fl ow Auto Analyzer as described above. Th e slope of the line generated by plotting NO 3 − concentration vs. time is reported as V n in μg NO 3 − h −1
.
DNA Sampling and Extraction
Cores similar to ones used to measure gross nitrifi cation (5 cm by 13 cm, no perforations) were taken at the same time and from the same sampling points described above. Th ree individual soil horizons were removed from each core in an eff ort to assess spatial heterogeneity in AOB abundance and to examine the diversity and composition of the AOB community. Th e soil horizons were separated as Oi and Oe horizons, which includes undecomposed and partially decomposed material, the Oa layer underlying the litter, and the 0-to 3-cm upper mineral soil layer (A horizon). DNA was extracted directly from the humic and mineral soil samples using the PowerSoil DNA extraction kit (MoBio, Solana Beach, CA) with minor modifi cations. Briefl y, 0.25 g (moist weight) of forest soil material was added to each tube containing premeasured lysis buff er and silica beads. Bead beating was performed using the Spex Certi-Prep 2000 Geno/ Grinder (Glen Mills, Inc., Clifton, NJ) at 1700 strokes min
for three 2.5-min periods with 2-min ice incubation between rounds. Purifi ed DNA was eluted in 100 μL of TE (10 mM Tris, pH 8.0; 1 mM EDTA) and stored at −20°C. Th e protocol described above resulted in unsatisfactory recovery of DNA from the litter-layer soil samples. As a result, DNA was extracted according to a modifi cation of the diff erential centrifugation protocol described by Holben (1997) . Briefl y, 5 g of soil was added to homogenization buff er, consisting of Winogradsky's salt solution (0.25 g of K 2 HPO 4 , 0.25 g of MgSO · 7H 2 O, 0.125 g of NaCl, 2.5 mg of MnSO 4 · H 2 O, and 2.5 g of Fe 2 (SO 4 ) 3 per liter and 0.2 M of sodium ascorbate) in 50-mL Oak Ridge tubes. Th e slurries were then placed horizontally on a reciprocal platform shaker and shaken at ~100 oscillations min −1 for 10 min at room temperature. Large, fl oating particulate matter was removed and the suspension was subjected to low-speed centrifugation at 640 × g (2300 rpm) for 15 min at 4°C in a Sorvall RC 5B Plus with SS-34 rotor (Dupont-Sorvall, Newtown, CT). Th e supernatants were transferred to sterile Oak Ridge tubes and subjected to high-speed centrifugation at 15,000 × g (11,500 rpm) to collect the bacterial fraction. To maximize recovery of bacteria from the litter layer, the pellet from the low-speed centrifugation step was subjected to two additional rounds of extraction with the resulting highspeed pellets combined before lysis. Th e combined bacterial pellets were resuspended in 200 μL of phosphate buff er (100 mM, pH 8.0) and bacterial DNA was liberated and purifi ed using the PowerSoil DNA extraction kit as above.
Th e quality and quantity of the DNA obtained was assessed by electrophoresis in ethidium bromide-stained 1.0% SeaKem agarose gels (FMC Bioproducts, Rockland, ME) using standard techniques. DNA quantifi cation was accomplished by comparison of the soil genomic extract DNA bands to those of highmass DNA standards (Invitrogen Corp., Carlsbad, CA), under ultraviolet transillumination and quantities determined using Quantity One software (Bio-Rad Laboratories, Hercules, CA).
Polymerase Chain Reaction of Extracted DNA
To confi rm the presence of AOB in samples, polymerase chain reaction (PCR) amplifi cation of ammonia monooxygenase (amoA) genes was performed using the primers amoA-1F (5′-GGGGTTTCTACTGGTGGT-3′) and amoA-2R (5′-CCCCTC[G/T]G[G/C] AAAGCCTTCTTC-3′) described by Nicolaisen and Ramsing (2002) . As a positive control for amplifi cation reactions, genomic DNA extracted from a pure culture of Nitrosospira sp. strain Apple Valley was amplifi ed under identical reaction conditions. For denaturing gradient gel electrophoresis (DGGE) analysis of AOB community diversity and composition, amplifi cation of 16S rRNA gene sequences of β-Proteobacteria AOB was performed on DNA extracted from the mineral and humic soil samples. Nested PCR reactions were necessary to produce suffi cient DNA template for DGGE. Th e fi rst-round reaction was performed using the general 16S primers 27f (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492r (5′-TACGGYTACCTTGTTA CGACTT-3′). For this initial PCR reaction, total soil community DNA template input was ~2.0 ng. Th e thermocycler program began with an initial denaturation step at 94°C for 5 min, then proceeded through 24 amplifi cation cycles consisting of denaturation for 1 min at 94°C; annealing for 1 min at 58°C; and elongation for 2 min at 72°C. One microliter of product from the above reaction was used as template for a second round of PCR using the protocol and AOB-specifi c, GC-clamped primers CTO189f-GC (5′-CCGCCGCGCGGCGGGCGGGGCGGGGGC ACGGGGGGAGRAAAGYAGGGGATCG-3′) and CTO 654r (5′-CTAGCYTTGTAG TTTCAAACGC-3′) described by Kowalchuk et al. (1997) . In our hands, the best results were obtained when each reaction contained (in 50 μL total) 1 unit of Platinum Taq DNA polymerase (Invitrogen, Inc., Carlsbad, CA), 1 μM of each appropriate primer, 1.5 mM MgCl 2 , 200 μM of deoxynucleoside triphosphate (dNTP) mixture, along with 5 μL of 10× buff er provided by the manufacturer. In addition, 100 μg μL −1 bovine serum albumin (Roche Diagnostics Corp., Indianapolis, IN) was used in each reaction to enhance PCR product formation.
Real-Time Quantitative PCR
To assess abundance of AOB in the various soil samples, real-time quantitative PCR (RT-qPCR) was performed using the abovementioned AmoA-1F and AmoA-2R primer set (Nicolaisen and Ramsing, 2002) . Using this set of primers, RT-qPCR quantifi es the numbers of amoA gene copies present in a given sample. Th is was accomplished using the SYBER Green I (BioWhittaker Molecular Applications, Rockland, ME) detection method. SYBER Green measures PCR product (and thus template copy number concentration) through a general interaction with any double-stranded DNA produced in the reaction. As a consequence, we rely on the primers used for specifi city of the amplifi cation of all AOB, and on SYBER-Green for the quantitative aspects of the reaction. For the qPCR reactions, we employed the iCycler thermal cycler/fl uorometer (Bio-Rad Laboratories, Hercules, CA). An advantage of this real-time approach is that the accumulating PCR product is detected as soon as it occurs rather than simply at the endpoint of the PCR cycles, providing a much more accurate determination of the number of AOB template molecules in the starting sample. Each assay was conducted in a 96-well plate with three replicates for each standard and negative control. Duplicate reactions for each sample (three sites with four cores per site for a total of 24 samples per soil horizon) were analyzed to give a total of 48 replicate analyses per horizon examined at each site. Amplifi cation was performed in 50-μL reactions containing 25 μL of iQ SYBER Green PCR Super Mix (Bio-Rad Laboratories), 2.5 μL of each primer (20 pm μL ) and 7.5 μL sterile deionized H 2 O. Starting template quantity was normalized such that each triplicate sample received an equivalent quantity in 10-μL volume added to each well to decrease experimental error. Data were normalized to the amount of soil in the original extraction and AOB population density was calculated by dividing the amoA copy number by 2.5 based on the average amoA gene copy number per cell (Norton et al., 2002) . As a result, AOB numbers are reported as cell number per gram of forest soil.
Th e normalization standard for qPCR was developed using a confi rmed (by DNA sequence analysis) amoA subclone obtained from these soils using primer set amoA-1F and amoA-2R. Th e PCR product was cloned into the pT7Blue-3 plasmid vector using the Perfectly Blunt Cloning Kit (Novagen, Inc., Madison, WI). Plasmid DNA was harvested using the Qiagen mini-prep kit (Qiagen, Valencia, CA). Plasmid copy number μL −1 was determined for the standard by comparison to known-mass DNA standards and applying the following method: (μg of standard plasmid/μL) × [(number of molecules × bp)/(1.05 × 10 15 μg)] × (1/total bp per plasmid) = number of plasmid copies μL -1 . For copy number calibration, a series of 10-fold dilutions were made of the plasmid clone and utilized as standards in qPCR reactions to relate threshold cycle (C T ) number to copy number of the target sequence, resulting in the generation of standard curves. Th e linear dynamic range of the standard curve was seven orders of magnitude and we were able to reliably detect as few as 10 rRNA gene copies (R 2 values > 0.95). Run conditions for qPCR analysis were as follows: an initial 10-min denaturation at 94°C followed by 35 cycles of 90-s denaturation at 94°C, primer annealing for 90 s at 55.8°C, and elongation for 90 s at 72°C; ending with a 10-min extension at 72°C. SYBER Green fl uorescence was measured following the 72°C extension period of each cycle to monitor product accumulation in real time.
To ensure that amplifi ed product from the qPCR reaction was specifi cally generated by the chosen primer set, melting curve analysis was performed following each assay by measuring fl uorescence continuously as the temperature was increased from 60 to 90°C. Melting curve analysis indicated that nonspecifi c amplifi cation was insignifi cant. Further, a distinct single peak which corresponded to the predicted 491-bp amoA amplicon was confi rmed by running aliquots from the qPCR reactions on a 1.5% agarose gel against DNA markers of known size.
Denaturing Gradient Gel Electrophoresis
Denaturing gradient gel electrophoresis analysis was employed to qualitatively compare the composition of the AOB community within and between sites. Equal amounts of PCR CTOprimer amplicons from each replicate core (four cores from each of three plots) were pooled and concentrated by glycogen-ethanol precipitation. Precipitated DNA was collected by centrifugation, washed with 70% (v/v) ice-cold ethanol, and the resulting pellets were dried and resuspended in 35 μL of TE. After gel quantifi cation, 600 ng of PCR product per sample was loaded for DGGE analysis according to the protocol described by Muyzer et al. (1993) with minor modifi cations. Briefl y, polyacrylamide gradient gels (6% polyacrylamide [37:1 acrylamidebisacrylamide], 1.5 mm thick, 16 × 20 cm) were run in a 1× TAE buff er (40 mM Tris-acetate, 1 mM EDTA [pH 8.3]) with a denaturant gradient ranging from 45 to 60% (100% denaturant was 7 M urea and 40% (v/v) formamide). A 4.0-mL stacking gel (containing no denaturant) was added to the top of the gradient gel and gels were run at 60°C on a D-CODE mutation detection system (Bio-Rad Laboratories) for 5.5 h at 130 V. Th e resultant gel was stained with SYBER Gold I (Molecular Probes, Inc., Eugene, OR) diluted to 1× concentration in TAE buff er for 1.5 h at 37°C. DNA bands in the gels were visualized by ultraviolet transillumination and Bionumerics v. 4.0.1 software (Applied Maths, Kortrijk, Belgium) was used to capture and analyze banding pattern diff erences between samples. Standardized marker lanes were loaded on each gel to aid with software analysis of DGGE fi ngerprints.
Individual DNA bands were excised from DGGE gels and eluted in 50 μL of extraction buff er (50 mM KCl, 10 mM Tris pH 9.0, 0.1% (v/v) Triton X-100) by overnight incubation at 37°C. Eluted DNA (1 μL) was used as template for PCR amplifi cation using the primers CTO 189F (without the GC clamp) and CTO 654r, cloned, purifi ed, and submitted for DNA sequence analysis as described above.
Phylogenetic Analysis
Sequence chromatograms were visually inspected and analyzed using Bionumerics v. 4.0.1 (Applied Maths, Kortrijk, Belgium) sequence edit program, then submitted to the Ribosomal Database Project II Release 9 (RDPII; http://rdp.cme.msu. edu/ [verifi ed 28 Apr. 2010]) to obtain the identity of the most closely related known organisms. In addition, reference sequences were acquired from RDPII and aligned along with our own sequences using ClustalW (Th ompson et al., 1997) . Regions of ambiguous alignment were trimmed and aligned manually and PAUP v. 4.3 (version 4.0; D. L. Swoff ord, Sinauer Associates, Sunderland, MA) was used to analyze aligned sequences. Modeltest (Posada and Crandall, 1998 ) was used to indicate the phylogenetic analysis most appropriate for the sequences being analyzed and a phylogenetic tree was then created using maximum likelihood analysis with TrN+G+I correction. Bootstrap support values were generated from 1000 replications to determine support values for branching nodes. Final versions of the dendrogram were created using Treeview tree-drawing software (Page, 1996) .
Statistical Analysis
Systat 11.0 (Wilkinson, 2004 ) was used to calculate t-test values to test the null hypothesis that 0 burn parameters are no diff erent from 3 burn parameters. In all cases, data adhered to the assumptions of parametric statistics or were log-transformed to do so. Rejection of the null hypothesis was assessed at an α of 0.05, but as the number as samples was low in some cases, an α of 0.1 was considered weakly signifi cant.
Results
Charcoal Content
Charcoal content in mineral soils was signifi cantly greater in stands exposed to recent fi re (RF) compared with fi reexcluded (control) stands (RF: 779 ± 118 kg ha , p = 0.087). Previous work on the same site showed that there was no signifi cant diff erence observed between charcoal content in the O horizon of the control soils compared with the recent-fi re soils (Brimmer, 2006) . We note that charcoal content of these samples was estimated by physical separation of charcoal fragments from the forest fl oor, a method that may underestimate actual charcoal content (Kurth et al., 2006) , but all samples were analyzed in a consistent manner. Although not statistically diff erent in the cores collected here, averaged across all seven Selway-Bitterroot Wilderness study pairs there was more charcoal in the O horizon of the recent-fi re soils compared with the control soils (Brimmer, 2006) . It is important to note that the charcoal contents of the mineral soil refl ects only that in the surface 3 cm of mineral soil. Charcoal contents of these same soils down to 10 cm have been found to harbor between 5000 and 17,500 kg charcoal ha −1 (see DeLuca and Aplet, 2008) .
Gross, Net, and Potential Nitrifi cation
Gross nitrifi cation was signifi cantly greater in stands exposed to recent fi re compared with fi re-excluded stands (RF: 0.477 ± 0.092
, Control: 0.288 ± 0.024 μg g
, p = 0.021). Net nitrifi cation, however, exhibited no diff erence between the control and recent-fi re soils, indicating that production and uptake is diff erent between these sites. Th e potential rate of nitrifi cation, as estimated by a 24-h aerated soil slurry, was found also found to be signifi cantly greater in sites exposed to three fi res compared with sites exposed to only two fi res (RF: 0.0145 ± 0.0002 μg g
, p < 0.000).
Ammonia-oxidizing Bacteria Abundance Based on qPCR
RT-qPCR was used to determine the abundance of AOB in the soils. Th e results indicated that the abundance of AOB in all three soil horizons samples from recent-fi re soils were significantly greater than in the control soils (Fig. 1) . In the Oi/Oe horizon AOB abundance was estimated to be 1.60 × 10 3 cells g −1 soil material in three-burn soils vs. 3.98 × 10 2 cells g −1 soil material in the control, showing a fourfold higher AOB abundance. In the Oa horizon, AOB abundance was 2.91 × 10 3 cells g −1 soil material in recent-fi re soils vs. 2.37 × 10 2 cells g −1 soil material in the control soils. Diff erences in AOB abundance between the two-fi re histories were greatest in the Oa horizon, with the recent-fi re soil having a 12.3-fold greater AOB abundance compared with the control soils. Finally, the A horizon contained the greatest overall abundance of AOB at 4.90 × 10 3 cells g −1 soil material in recent-fi re soils vs. 1.03 × 10 3 cells g −1 in the no-burn control, representing a 4.8-fold increase in AOB abundance.
Analysis of Ammonia-Oxidizing Bacteria and Total Microbial Community by DGGE
Th e AOB community fi ngerprint patterns from DGGE analysis were compared for the control and recent-fi re soils for the Oa and A horizons (Fig. 2) . Due to the inability to generate suffi cient amounts of AOB amplicons from the Oi/Oe layer, we were unable to include those samples in this analysis. Th e dendrogram resulting from cluster analysis based on similarity of the entire AOB community banding patterns appeared to separate the suite of samples into two distinct clusters (A and B) that grouped by the soil types, with the exception of a single sample (A 0-1) that grouped with the humic samples rather than with the cluster containing the other mineral samples. Both control and recentfi re soils were clustered together based on soil horizon rather than burn frequency, suggesting that some unidentifi ed soil horizon characteristic exerts greater control on AOB community composition. However, we note that with 86% similarity at the branch point separating the two clusters, all of the forest soils exhibited similar banding patterns, suggesting comparable nitrifying bacteria total communities overall, with soil horizon apparently exerting some eff ect on composition at some fi ner level.
Sequence Analysis of the Ammonia-Oxidizing Bacteria Community
We excised the 15 dominant DNA bands of interest from AOB community DGGE gels. Th e bands were reamplifi ed and subcloned into plasmid vectors, then subsequently transformed into competent Escherichia coli cells. Plasmids containing the putative sequences were purifi ed and submitted for DNA sequence analysis, with the results given in Table 1 . Th ey reveal that communities in the control soils are dominated by members of Nitrosospira Cluster 4, while those in the recentfi re sites are predominated by Nitrosospira Clusters 3 and 4. Surprisingly, we did not observe any sequences associated with Nitrosospira Cluster 2. Th e Sab values (see Table 1 ) for these sequences were generally high (≥0.98) and most closely matched uncultured Nitrosospira environmental clones found in the Ribosomal Database Project database. A phylogenetic tree was constructed with the 15 sequences derived from the mineral soils of the control and recent-fi re soils (Fig. 3) . Using a maximum likelihood analysis, the results showed clustering of the sequences based on burn history, with the control sequences grouping with Nitrosospira Cluster 4 (with the exception of one Cluster 0 sequence). Th e recent-fi re soil sequences grouped to Nitrosospira Clusters 3 and 4. Only one of our Cluster 4 sequences was not most closely matched to Nitrosospira sp. Ka3 or Ka4, while all within Cluster 3 were most closely matched to Nitrosospira multiformis.
Discussion
Th e increased abundance of AOB in forest soils recently exposed to fi re compared with no-fi re control soils correlated well with the higher nitrifi cation potential rates in these soils. Th is suggests, perhaps not surprisingly, that increased abundance of AOB in these forest soils has a direct positive eff ect on nitrifi cation. Previously , demonstrated that fi eld-collected (i.e., "natural") charcoal added to forest soils produced increased nitrifi cation compared with control samples containing no charcoal, but which were not substrate limited (i.e., had abundant NH 4 + ). Related studies have demonstrated that soils amended with phenol-and terpene-rich litter or litter extracts have reduced NO 3 − accumulation, a condition greatly alleviated by adding charcoal along with the litter or litter extracts (Berglund et al., 2004; Gundale and DeLuca, 2006; . Polyphenolic compounds may result in net immobilization of N (e.g., Schimel et al., 1996) or Sequence analysis of the ammonia-oxidizing bacteria community from soils collected from the recent-fi re and control (no recent fi re) formation of polyphenol-N complexes yielding a reduced rate of net nitrifi cation. Th ere is a growing body of evidence suggesting that monoterpenes may directly inhibit ammonia mono-oxygenase activity in nitrifying organisms (Paavolainen et al., 1998; Uusitalo et al., 2008; Ward et al., 1997; White, 1994) . Charcoal has the capacity to adsorb a wide range of organic compounds, including poplyphenols and terpenes (Berglund et al., 2004; Brimmer, 2006) , which presumably act to reduce terpene inhibition of nitrifi cation as well as polyphenol-induced immobilization of inorganic N.
Gross nitrifi cation rates and nitrifi cation potential were clearly higher in soils exposed to recent and multiple burns compared with those that did not experience a recent fi re. Th is is consistent with previous studies suggesting that net nitrifi cation is increased in the short term following fi re (for a review, see Smithwick et al., 2005) , and also with chronosequence studies from this group that demonstrated that nitrification, as measured by NO 3 − sorption to ionic resins, remains elevated in soils exposed to fi re for an extended period of time compared with soils not exposed to fi re (DeLuca et al., 2002; DeLuca and Sala, 2006; . However, in those previous studies, it was not clear whether the actual activity of nitrifying organisms was infl uenced, or if there were just lower rates of immobilization (DeLuca et al., 2002 . Th e observed increase in nitrifi cation potential reported herein correlates well with higher abundance and apparent community structure changes of AOB in the stand exposed to fi re compared with the stand without fi re for the past 75 yr.
To assess the abundance of AOB in these samples, we used qPCR to measure the copy number of AmoA genes in the soils and correlated this to AOB cell numbers based on average gene copy number per organism. Th e results showed that in all three soil layers, AOB abundance was signifi cantly greater in recent-fi re soils vs. the no-burn control soils. Th is in turn suggests that charcoal content, which was consistently higher in recent-fi re soils, confers a property to them that is more conducive for AOB activity and concomitant population growth. Th e exact mechanism underlying this phenomenon is not known; however, we have suggested two likely candidates: pH alterations of local soil microsites and/or sorption of inhibitory compounds associated with forest litter (e.g., Uusitalo et al., 2008) .
Th e use of qPCR over more traditional culture-dependent assays, such as most probable number or plate counts, for the detection and enumeration of AOB is generally considered superior because it does not require laboratory cultivation, which is notoriously challenging for AOB. In prior studies, estimates based on extrapolation from autotrophic nitrifying activity under laboratory conditions suggested that ∼3 × 10 5 nitrifi ers g −1 would be required to support a nitrifi cation rate of 1 mg N kg −1 d −1 (Myrold, 1998) . However, not all soil types would be predicted to contain this number of nitrifying bacteria, particularly forest soils with low N, pH, and moisture content. From the data presented herein, the potential nitrifi cation rate of ∼0.015 μg N g −1 d −1 obtained for the mineral soils would require ∼4.2 × 10 3 nitrifi ers g −1 . Th e RT-qPCR data produced an estimate of AOB abundance of ∼4.90 × 10 3 nitrifi ers g −1 in the recent-fi re soil, which is in agreement with the rate-based prediction. Th is robust correlation between the mechanistically diff erent rate-based and qPCR-based values provides confi dence in our fi ndings. Collectively, these data strongly support our hypothesis that soils experiencing more recent and more frequent fi re episodes have increased gross nitrifi cation rates and net nitrifi cation potential as a result of enhanced nitrifi cation activity, increased AOB population numbers, or both. Field-collected charcoal has been shown to eff ectively reduce solution concentrations of phenolic compounds and increase rates of gross nitrifi cation, net nitrifi cation, and nitrifi er activity . Th us, we suggest that the increased charcoal in the recent-fi re soils is at least partly responsible for elevated net nitrifi cation in these stands. Th e fact that these soils had last been exposed to fi re in 1992 means that by the time of sampling in 2004 there would have been absolutely no heat-pulse eff ect and no substrate eff ect (NH 4 + concentrations had long since returned to background levels) , exposing charcoal as the most likely cause of the increased nitrifi cation and increased AOB abundance and community shift.
We compared AOB community structure between these soils using comparative DGGE banding pattern analysis (refer to Fig. 2) . Th e results of this analysis of control and recentfi re soils from Oa and A horizons indicated that AOB community composition may be controlled by parameters related to soil horizon to a greater extent than by burn frequency. However, within the large main clusters (A and B in Fig. 2 ), there appears to be a trend for control and recent-fi re samples to group together, suggesting some fi ner-point control of AOB related to fi re frequency within a given soil horizon. It seems likely that, rather than seeing an overt shift in the composition of the AOB community, the response to fi re frequency (and presumably charcoal) is that certain AOB populations increased in relative abundance. In this instance, the communities would continue to look similar based on DGGE analysis (86% similarity at the branch point between the two main clades), but should show shifts in the relative abundance of particular groups as suggested by Horz et al. (2004) and our own qPCR data.
Known terrestrial eubacterial autotrophic AOB are members of tightly clustered groupings affi liated within the β-subclass of Proteobacteria (Kowalchuk and Stephen, 2001) . Th ese groupings are dominated by species of two genera, Nitrosomonas and Nitrosospira (Purkhold et al., 2000) , which contain closely related taxa within each genus (Stephen et al., 1996) . Prior studies have suggested that nutrient availability (ammonia and organic materials) and environmental factors, particularly soil pH , may infl uence which taxa will be active under a given set of conditions. For example, forest soils have been shown to be dominated by Nitrosospira Clusters 0, 1, 2, 3, and 4 (Hiorns et al., 1995; Laverman et al., 2001; Carnol et al., 2002; Bäckman et al., 2003; Mintie et al., 2003; Nugroho et al., 2005; Yeager et al., 2005) . Representatives of Nitrosospira Clusters 1 and 4 are typically found in soils with low NH 4 + concentrations, while soils with higher NH 4 + concentrations generally contain Nitrosospira Cluster 3 as well as various species of the genus Nitrosomonas (Kowalchuk et al., 2000a) .
Low-pH soils are often inhabited by members of Nitrosospira Cluster 2 (Stephen et al., 1996 (Stephen et al., , 1998 Kowalchuk et al., 2000a; Nugroho et al., 2005) , while Nitrosospira Cluster 0 taxa are typically found in undisturbed grasslands (Webster et al., 2002) . At our study site, the typically acidic pH of forest soil (∼4.5) would likely facilitate the establishment and maintenance of members of genus Nitrosospira, particularly those affi liated with Cluster 2.
Th e phylogenetic analysis of amoA gene fragments from this study suggested that the AOB communities in these soils are indeed dominated by Nitrosospira sp. As previously mentioned, the dominance of Nitrosospira sp. is common in forest soils, but is generally expected to be highly represented by Nitrosospira Cluster 2. Interestingly, in this study we detected no Cluster 2 members in any of the control or recent-fi re soils. Instead, we found the control soils to be dominated by Cluster 4, and the recent-fi re soils to be dominated by Clusters 3 and 4. Th e presence of Cluster 4 in the control was expected because this group is normally dominant in unimproved coniferous forest soils with relatively low NH 3 content (Mintie et al., 2003; Nugroho et al., 2005; Yeager et al., 2005) . By contrast, Cluster 2 is typically associated with low-pH (∼4.5) forest soils that have high nitrifi cation rates (Kowalchuk et al., 2000b; Laverman et al., 2001; Nugroho et al., 2005) , so its apparent absence in the recent-fi re sites was somewhat surprising. It is tempting to contribute the lack of acid-tolerant AOB (Cluster 2 Nitrosospira) in recent-fi re soils to the presence of charcoal, but the data are not suffi cient to substantiate this. It should be noted, as mentioned by Nugroho et al. (2005) , that there appear to be exceptions to these generalized themes of AOB community composition and attempts at predicting such may not be successful.
Although the data are somewhat limited in sample size, there appears to be a notable shift in AOB community structure from Nitrosospira Cluster 4 toward more Cluster 3 members in the recent-fi re sites. Th is is consistent with the report by Yeager et al. (2005) , where burned sites in conifer forests contained Cluster 3 members while Clusters 1, 2, and 4 dominated in unburned sites. Th at study was conducted just months after fi re, whereas here we show that 12 yr after the most recent fi re the site is still maintains members of Cluster 3. Also of interest is the study by Mintie et al. (2003) , who examined a forest-to-meadow transect and determined that Nitrosospira Cluster 3 was found only in the meadow, which had higher N levels than did the forest. Our data show that fi re creates high N availability and supports Nitrosospira Cluster 3, suggesting that these soils are possibly shifting toward supporting microbial groups found typically in more productive soils such as those in adjacent open mountain meadows.
Only recently has it been recognized that an ammonia-oxidizing Archaea (AOA) may indeed be quite abundant in some agricultural and grassland soil environments (Leininger et al., 2006) . However, Boyle et al. (2008) found that AOA do not dominate in acidic forest soils such as those that we examined. We did not directly attempt to measure this group of ammonia-oxidizing prokaryotes, but our measured AOB abundance fi ndings correlate closely to predicted nitrifi cation rates. Th erefore, it may be expected that AOB are in fact responsible for a substantial amount of nitrifi cation in these acidic, coniferous forest soils and respond positively to the occurrence of fi re and charcoal deposition. Additionally, some studies have suggested that heterotrophic nitrifi cation may not play an important role in acidic forest soils (Laverman et al., 2000; Ross et al., 2004; Burns and Murdoch, 2005) .
Th ese results support the notion that charcoal plays a signifi cant role in the stimulation of nitrifi cation for years after fi re. Although these results are somewhat constrained by the relatively small scale of the experiment and the somewhat unique fi re history (12 yr after the most recent fi re and only 75 yr since the last fi re in the control), they clearly suggest that charcoal has the potential to infl uence the composition and function of the nitrifi er community. Th e relatively small diff erence between the burned stands and those not exposed to fi re provides a conservative study design that only emphasizes the importance of charcoal in maintaining soil nitrifi cation potential for years following fi re.
